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From: Lockett, Tim

Sent: Tue Jun 28 11:32:28 2010

To: Hill, Trevor

Cec: MC252_Email_Retention

Subject: Top kill simulation cases

Importance: Normal

Attachments: Post event simulation of the Top Kill procedure.doc

Trevor

I have now looked at TopKill #1 and 2 using the same resistances and well PI as are needed to get a first pass

‘reasonable’ match to TopKill#3.

The results are not bad. TopKill#1 shows some 1nteresting features. and the suggestion that the flow resistance

increased during the top kill procedure. TopKill#2 only scemed to use a low mud rate and had an odd pressure build

over the procedure.

Autached is my previous write-up extended with these laiest resulis. Could we maybe gel some time later io talk

through the value in taking these further with this premise. [ would also value some discussion on:

- the timing of when the test rams were opened before TopKill#1 and when they were closed at the end of TopKill#'3

- the 966 psi fixed offset over and above the column labelled "Lower BOP" in the xls databooks.

- and confimation of the junk shot application in TopKill#3 as (here is a time when the pressure rises when (he mud

rate is constant and this is not represented by OLGA.

<<... 2>

From the discussion with Henry it seems that up until yesterday his model was nol yet working, al least with his fluid

files. I believe his premise is different (since his model includes the annuli in detail) so there should not be dupiication

between our work. It would thercfore be beneficial to sce if his modcl can show similar or better levels of agreement
N with the data.

Best regards

Tim

Tim Lockett

Flow Assurance Engineer
PP Suhsea and Floatmg Systems
P Exploration Operating Co Lid

Chersey Road, Sunbury-on-Thamey, Middleses, TW16 TLN. Umited Kinpdom

Phove: =44 (011932 TT1 &85

Mobile 44 (D)7825 274633

Fax 44 (011932 7604066

Franl: tim. lockettauk bp.com

BP Exploration Operating Company Limited, a company registered in England and Wales with the company number 305943 and
whose registered office is Chertsey Road, Sunbury on Thames, Middlesex, TW16 7BP.

This commumication contamns information from BP p.l.e. and/or s afliliales and 1 mtended only for the persenal and confidential usc
of the addressee(s) named above. This communication may be an attomey-client communication and/or work product and as such is
privileged and confidential. Ifthe reader of this message is not the intended addressec(s), you arc hereby notified that you have
received this document in error and that any review, dissemination. distribution, or copying of this commuuication is strictly
prohibited. If you have received this communication in error, please notify us immediately by rerurn E-Mail or FAX, as the case may

be. and delete or destroy the original communication.
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Calibration of the well model with a dual flow path

Data

Top Kill transient data referenced in this section are [rom the [ollowing sources:
« Top Kill #3: “052810 SS BP Kill Job Blue Dolphin TJH.xlIs"
e Top Kill #2: “052710 SS BP Kill Job Blue Dolphin xls™
e Top Kill #1. “052610 BJ Dala.xls”

Premise

The premise on which this section of work is based is that there is flow up the drill
string and also up the casing and through the BOP rams.
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Figure 1: Subsurface and BOP premise for top Kill simulation

Model

The model is summarised as having flow up the liner and casing as far as the basec of
the drill-pipe, and then two parallel flow paths:

+ Up the drillpipe to the topmost section of the BOP stack, then through the last
rams and oul to the riser, kink and sca ambicnl pressurc
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CONFIDENTIAL

e Up the remaining height of the casing, through the test rams, middle rams
(which represent more than one set), ,then out to the riser, kink and sea
ambicnt pressurc

o

Figure 2: OLGA model of the well including flow up the drill pipe and also up the casing

Drilling Fluid

of shear rate is shown below.
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Drilling fluid was represented as having a density of 16.4 ppg (1972 kg/m3) and being
a Bingham fluid with yield stress of 15 1b/100ft’ (7 Pa) and a plastic viscosity of 30
cPoise. Due to lack of data, no variation with temperature or pressure was included.
With this non-Newtonian description, the effective viscosity of the mud as a function
Mud viscous characteristic
——Bingham: 15 Ib/100ft2, 30cPoise
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Figure 3: Mud viscous behaviour
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Calibration against current operating state

The model was initially calibrated by allowing the pressures at the following locations
o be malched:

e Pressure below the test rams: 4400 psia
e Pressure below the middle rams: 3760 psia
* Pressure below the upper rams: 2550 psia

In order Lo malch these pressures, the open area of the lest rams, middle rams and
upper rams was adjusted to represent a leak path through the rams. In the case of the
test rams and middle rams, this leak path is external 1o the drill-pipe.

The parameter of the casc 1s the well P1. Values of 4, 5 and 6 sbbl/d/psi were tested
and found (o be insufTicient to achieve the pressure of 4400 psia at the test rams.

A well Pl of 10 sbbl/d/psi was tested and was found (o be sufficient lo achieve this
pressure, and generated an excess flow through the BOP rams of 18000 bbl/d in
addition to a Mow of 25800 sbbl/d through the drill pipe (Total 43900 sbbl/d). The
open area of the rams for this case were as follows:

A/B rams 58 sqin
C MU rams 11 sgin
~ Test rams 1.3 sgin

Higher well P1 values would gencrate larger flows while meeting this pressure, well
Pls between 7 and 10 would generate lower flows and may still be able to meet this
pressure.

Difference from the state prior to the top kill procedure

Two differences exist in the staie of the well at the time of the wp kill procedure:

¢ The test rams were opened to allow the top kill attempt to proceed. This
change was mcluded in the model

¢ At the time that the top kill was attempted, the old riser, including the kink,
was in place. This aspect has not been included in the model for all cases. IT
this resistance 1s included then the top kill case will generate higher pressures
in the BOP stack and it is more likely that the case would result in killing the
well.
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Top Kill Simulation

The top kill simulation was tested for the highest rate of mud, 78 bbl/min (this was
incorrectly modelled as 366 kg/s which corresponds Lo a mud rate of 70 bbl/min) with
the expectation of generating a pressure in the region of 6000 psia at the BOP stack.

Case 1: Pl = 10 sbbl/d//psi

v PT [psia] (BELOW UPPER RAMS) “PRESSURE"
oLeR ~ PT [psial (BELOW TEST RAMS) "PRESSURE™
v PT [psta) (BELOW MID RAMS) "PRESSURE™

2 25

Time [h]

Fiks: BASEMODEL-STA TE-TOPEILLS ¢o
Figure 4: Pressure trace during the top kill simulation, PI = 10 shbl/d/psi

The initial pressures in the BOP stack prior to starting the top kill can be seen on the
far left hand side - the top kill starts after 300 s of simulation, The peak pressure
during the top kill is understood to be approximately 6000 psia. This case therefore
exceeds the measured pressure, suggesting that the resistance of the rams has been
over-estimated and in fact the rams allow a greater flowrate to pass. Had the kink
resistance also been included (he pressure would have been still higher (approx
another 200 psi).
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Figure 5: Flowrate trace exiting through the riser during the top kill (total liquid and oil, the
difference being mud), P1 = 10 shbhl/d/psi

In this case the top kill is successful, the oil rate falls to zero allowing a mud column
to be built. This behaviour deviates from actual events.

The additional conclusion for this easc 15 that 1f the kink resistance had been included
then the well would have also been killed (killed more easily) and hence there 1s no
requirement Lo re-run this case including the kink resistance
Case 2: Pl = 20 sbbl/d/psi
The calibration of the rams given the pressures for current operation was completed
for a well PI of 20 sbbl/d/psi. With this calibration, the flowrates were found to be:
e 25200 sbbl/d up the drill pipe
* 51800 sbbl/d up the casing and up through the rams
* Total; 77100 sbbl/d
The open area of the rams for this case were as follows:
A/B rams 109 sqgin
CMUrams 325 sqgin
Test rams 36 sain
For this case, the kink resistance was then calibrated, before the top kill case was
undertaken. In order to do this calibration, it was assumed that the resistances derived
from the current operating state (test, middle and upper rams) would have applied
with the same effective open areas. This uses the assumption that the top kill
operation did not itself materially effect the integrity of the rams (eg through erosion).
—
5
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This assumption is weak and if incorrect would imply that more flow is coming (rom
the well after the top kill than would have been the case before the top kill.

The kink and riser was therefore added and the open area was calibrated to give:

« Pressure of 2700 psia upstream of the kink.

s The leaks on the kink itself were not modelled. This has no impact on the
results since the pressure measured upstream of the kink does not influence the
split of flow between the leaks at the kink compared with the flow along the
old riser.

The open area of the kink for this case was 8.16 sq in. Because the leaks at the kink
were not separately modelled, this area would include both the “kink’ area (for flow
along the riser, assuming there is no other restriction) and the area of the 3 or 4 leaks
at the kink combined.

As a consequence of including the kink restriction, the pressures in the BOP stack
were increased o the following values:

« Below the test rams: 4562 psia
* Below the middle set of rams (C/M/U rams): 3890 psia
« Below the upper set of rams (A/B rams): 2928 psia

This increased backpressure reduced the flowrate from the well to the following

values:
* 24000 sbbl/d up the drill pipe L —
« 50400 sbbl/d up the casing and up through the rams
* Total: 74400 sbbl/d

Camparing the flowrates with and without the kink restriction, the flowrate increase
due to removing the kink 1s around 3.5%.

With the model calibrated in this way, the top kill was simulated at the highest
flowrate (%0 gpm) with the test rams opened

6 —
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Figure 6: Pressure trace during the top kill simulation, PI =20 sbbl/d/psi

The initial pressures in the BOP stack prior to starting the top kill can be seen on the
far left hand side - the top kill starts afler 300 s of simulation. The pressure rises o
6000 psia and does not change with time indicating that a mud column is not bemg
built in the well.
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Figure 7: Flowrate trace exiting through the riser during the top kill (total liquid and oil, the
difference being mud), PI = 20 shhl/d/psi

Conclusions at this time (from Pl = 10 and 20 cases)

The following conclusions are therefore indicated based on the following twa key
assumplions:
* the model with two paths for flow is a valid representation of what is
happening in the well
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¢ and that the resistances derived from the current operation can be
retrospectively applied to the conditions before the top kill event (which might
not be true if the top kill mud caused additional crosion of the rams).

On this basis it is concloded that it is highly likely that the actual operation lies
between these the two cases modelled here, and so it can be inferred that the PI of the
well is probably in the range 10 - 20 sbbl/d/psi. The implication is that the Mowrale
from the well is now probably in the range 44000 - 77000 sbbl/d, of that
approximately 25000 bbl/d would be expecied to come through the drill pipe and the
remainder through the casings/rams in the BOP stack.

Options for further study:

¢ Intermediate well PI valucs
* Maodel top kill rates lower than B0 bbl/min (for additional checks vs pressure)

Pl=125and 15

Casces were repeated with PI values of 12.5 and 15, In both cases the well was not
killed (albeit with the slightly lower mud rate of 70 bpm in place of the intended 79
bpm uscd). Of the 4 cascs run, the results from the PI=15 casc looked to be a closce
match to the actual pressure data. Further work will therefore be run using the PI=15
well description

Pressure at BOP during top Kill st
7000
6500 A\
9000 5 M — Calib BOP (psi)
§_ 5500 .'Fil } A o - Choke Line BOP (psi)
g 5000 ,\L ‘\-— ]/ﬂk“—‘—"’ —Pi=10
] i 1 PI=12.5
¢ 4500 ¥ 4 ——Pi=ts
g J ! PI=20
4000 —— i
af ]
3500 |
3000 : . .
130 180 230 280 330
Time, mins
Figure 8: Pressure response during top kill, across the range of well Pls
8 p—
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Pl=15
For this casc, the procedurc above was repeated but with the following changes:

e Mud rate (0 mimic the actual delivery (ignoring the delay inherent in the
volume delivery at sea surface compared with sea bed)

« Kink opcning adjusted to sct a pressurc of 2700 psia at the same time that the
middle sct of rams is adjusted to set a pressure of 3670 psia,

« Upper rams sel (o be 100% open because the pressure basis on which (o set
these rams has now been lost by including the kink at this time.

Mud rate model

80

2 A
p v L

.E
E_ S0 ,/ Actual mud rate used
E 40 ’ _i —— Approximation in OLGA
3 30
= -
e 20 ’_/
10 1
o | |
100 150 200 250 300
Time, mins
Figure 9: Mud rate modelling (input to the OLGA model)
———
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Pressure response during top kill
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Figure 10: Pressure at the BOP (OLGA result) with PL= 15 shbl/d/psi

This case shows a good deal of promise in matching the actual results, with the
following areas of possible deficiency:

+ The holes in the kink were not modelled. This may well impact the peak L —
pressure of 6400 psia vs the actual peak of 6000 psia. This can be included in
the model

¢ The test rams were not closed when the mud supply was turned off. This
impacts the pressure at time = 310 mins onwards. This aspect was considered
by restarting the simulation. The simulation is then symmetric 1n that the
pressure at the end is essentially the same as the pressure at the start, which
differs from the actual result where a 315 psi decling is seen across the top kill
operation (starl to [inish),

* The decision to model the upper rams as being fully open in this case should
be revisited. Current operation (with the kink removed) suggests a differential
pressure of 300 psi exists across these rams. Other options for modelling this
condition are:

o Retain the open area (rom a case which models the current condition
(without the kink) and apply it to this case.

o Retain a 300 psi differential even with the kink in place, such that the
pressure below the upper rams is 3000 psia.

Kink resistance removed:

The pressure below the upper rams was sel 10 be 2560 psia before starting (he top kill
In doing this, the upper rams were set to represent the flow resistance of the rams and
kink combined.

10
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Figure 11: Pressure at the BOP (OLGA result) with PI = 15 sbbl/d/psi and with the Kink
resistance removed (encompassed within the setting of the resistance for the upper rams)

The carly pressure risc in this case (time = 146 - 157 mins) exceeded the actual result.
It was deduced that this is associated with the test rams being opened in the model to
allow the top kill to proceed. In practice, the test rams were already open at this time.
The model was therefore re-based such that the pressure below the middle rams (3670
psia) and upper rams (2350 psia) was set with the test rams open, with the following

result:
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Pressure response during top kill
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Figure 12: Top kill#3 with Test Rams Open while setting the initial pressure of 3670 psia

This case shows a better match to the early pressure increase than the previous case.
and possibly also the peak pressure, at the expense of a worse match for the pressure
through the later stages. The relatively flat pressure response late in the top kill event
corresponds to little/no mud column. In order to gain a better match this case was re-
run with a lower well productivity index of 12 sbbl/d/psi.

Pressure response during top kill
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6500 T 180
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2 6000
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3000 ‘ , 0
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Figure 13: Simulation of Top Kill #3, resistances calibrated to give 3670 psia and 2550 psia wit
the test rams open, well PI = 12 sbbl/d/psi
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In this case the initial pressure rise (to ~4100 psia) is well captured.

The junk shot was applied during the early stages of Top Kill #3 and this may in part
explain the significant risc in pressure at a time of 152 minutes whereas the OLGA
result has a pressure increase as the mud rate is ramped up starting at a time of 158
minules

The peak pressure is well captured (6000 psia), and the subsequent decline in peak
pressure corresponds in the OLGA model to building a mud column in the casing,

The two ‘humps’ in the pressure decline are not reproduced by this OLGA model but
in the context of building a mud column m the casing such a pressure response might
correspond to shedding part of the column before it is complete down the casing, and
then rebuilding it. In this context it is important to recognise that the OLGA model
includes a linear well productivity to describe the inflow.

The casc cnds at a lower pressure than it started because the test rams are closed (in
the model) when the mud flow is turned off. The timing of the closure of the test rams

in practice is not known (at this time).

The mud column formed in this case is shown below:

5 OLGR

P [psia) (CASING) “PRESSURE™

ROL [kgim3) (CASING) "DENSITY OF LIOUD"™

VISYWTEFF |CP] (CASING) “EFF. WATER WISC. INCL. ISP, EFFECTS™
e MPWMLID [-] (CASING) “MAS'S FIACTION OF WATETLDASED MUD IN TOTAL MASS®

auon

150

A ARIID ||
SR E .
VISWIEFF [0 0]
-
ROL (kg id)
E 8
Pripsia)

Figure 14: Fluid properties in the casing at time = 236 minutes, showing a complete mud column
in the casing

In contrast the mud column in the drillstring is incomplete, with mud occupying

around 60% of the volume. Iydrocarbons continue to be produced, which also
corresponds with observations at the time.
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Figure 15: Fluid properties in the drill string at time = 236 minutes, showing a partial (60%) mud
column in the drill string

For completeness, the case was re-run with a well PI of 10 sbbl/d/psi, with the

following result:
-
14 S~
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Pressure response during top kill
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Figure 16: Simulation of Top Kill #3, resistances calibrated to give 3670 psia and 2550 psia with
the test rams open, well P1= 10 shbl/d/psi

As previously identified, this case succeeds i killing the well. The failure of the

~ OLGA result 1o capture the timing of the second pressure peak al time = 190 minules
reflects the mud column that is built in the casing during the first peak (time ~ 180
minutes).

Conclusions for Top Kill #3

This analysis concludes that;
e The starting condition for the top kill has been set such that
o The test rams are open
o The pressure in the BOP stack is 3670 psia
o The pressure in the upper portion of the BOP stack (below the upper
rams) is 2550 psia, and this includes the Mow resistance of the kink

* A reasonable representation has been developed for top kill #3 using a well P1
is ~12 sbbl/d/psi, whereby:

o The peak pressures are reasonably well represented,

o The well is not killed at the mud rates which were used,

o The pressure response declines as a result of building a mud column in
the casing (behind the drill string)

o Hydrocarbons continue to flow up through the drill string throughout
the procedure (as observed)

* Certain features of the pressure response (humps) are not represented by the
model. These features could be explained by a lack of stability in the mud
column (shedding and subscquent rebuilding).

® The model suggests that with a well PI ol 10 the well would have been
expected to be killed. Equally, with a well Pl of 15 the pressure response
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would have been expected (o be constant at constant mud rate, indicating that
no mud column was built in the casing.

Overall the model is considered to be robust enough to apply it to the other top kill
datasets.

Other Top Kill data sets

Three top kill atempts were made over the time 26, 27, 28 May 2010. The intent is to
define a model using Top Kill #3 (above) and then test it unchanged on TopKill#1

and #2. The well PI should remain constant. The resistances in the BOP rams will be
treated as being constant but may well in practice have eroded. To gain a good match
with this model it is therefore anticipated that the resistances applied in TopKill#3
would be less (larger leak path) than would be needed to get a good match in
TopKill#1.

Top kill #2
The data used in (his comparison is “BOP, psi”, which is formed [rom the data
recorded in column "Lower BOP" with an additional 966 psi added. This offset is

camried forward from the TopKill#3 spreadsheet.

The mud rate is taken from a column headed “Mech rate, bpm™.

Top kill #2
(with resistance set from Top Kill #3)
5000 100
4800 90
4800 80 :
= 4400 0 g —=—B0F pat
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= 4200 — 60 O
@ -~ OLGA model,
3 4000 e - 50 g prassure
(7] ol
g s k - B | —Mud rate, bpm
B 3600 0 =
3400 M 4 50
3200 H' l 10
3000 — e ul Lo
0 60 120 180 240 300 360 420 480 540
Time, mins

Figure 17: Simulation of Top Kill #2 using model with resistances defined from Top Kill #3 and
awell PL=12 sbbl/d/psi
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Figure 17 shows the following:
* the mtial pressure in the OLGA model (3670 psia) 1s significantly higher than
the pressure which was recorded.
¢ The peaks in pressure in the OLGA model are significantly graeter in
amplitude in the OLGA model than was recorded.
* The mud rate 1 this top kill attlempt was quitc low and the OLGA model docs
not indicate the formation of a mud column.

Across the top kill procedure, OLGA relurns lo the same pressure (hat it starled with.
The data shows a gain in pressure of ~300 psi. This behaviour might be consistent
with gradual flushing out of @ mud column formed during top kill #1.

Top kall #1

The data used in this companson is “BOP, psi”, which is formed from the data
recorded in column "Lower BOP" with an additional 966 psi added. This offset is
carried forward from the TopKill#3 spreadsheet. For comparison, data headed “Kill
line BOP” is also plotted.

The mud rate 1s taken from a column headed “Combined rate™.

Top kill #1 (with resistances defined from kill#3)

Sy 8500 +— —— 200
1 180 Kill Line BOP
H00g (psi)
[} \ + 160
& ss00 | — m— T
o ﬂ E —_BOP, psi
8 5000 ¥ | \l + 120 o
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8 0004 Lg = TopKili#3
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Figure 18: Simulation of Top Kill #1 using model with resistances defined from Top Kill #3 and
a well PI= 12 sbbl/d/psi

Figure 18 shows the following features:

¢ The OLGA model pressure starts at a pressure (3670 psia) which is
significantly lower than the “BOP” pressure but is more consistent with the
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pressure in the kill line during the short period of mud injection which
preceded the main top kill atlempt (time = 300 - 350). The pressure recorded
as “Lower BOP” is 966 psi lower than the “BOP” pressure.

e From a time of 420 minutes onwards, the “BOP” pressure and the kill line
pressure are in good agreement with each other. The reliability of *“BOP”
pressure before a time of 420 minutes is therefore uncertain. A possible
explanation is that this higher reading would be consistent with the test rams
being closed at this time, and if modelled as such, the OLGA model would
reproduce this.

« During the initial stages of the top kill, the first two peaks in pressure are
significantly under-predicted by the OLGA model. This suggests that the flow
resistance was greater during this time.

* The third peak is better represented by the OLGA model.

«  Across the three peaks, the OLGA model is largely mimicking the mud rate, in
that the first and second peaks in pressure have lower mud rates than the third
peak. [t is therefore surprising that the third pressure peak is lower than the
first and second, and suggests that a resistance that was present during the first
two peaks was removed prior to the third peak.

The OLGA model for this case does not form a mud column in the casmg although a

small amount of mud (7% volume) does collect towards the top of the casing when
[Towing al the peak rate (third peak, 77 bpm).

)

oLGH
= P1 [psia] (CASING) “PRESSURE" -’
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4500
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.08 5000
o 5500
004
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Fils rOexi L ap
Figure 19: Fluid properties in the drill string at time =493 minutes, showing a small (7% ) mud
collection towards the top of the casing

Having failed to form a mud column, the pressure in the OLGA model remains
relatively stable with time while flowing at a constant mud rate of 60 bpm (time = 530
- 553 mins). ln contrast the actual result over this time period shows a declining
pressure at constant mud rate which would be consistent with a mud column being
formed.

Further work with this casc:

« Ascertain the additional resistance that would be required to bring the first and
second peaks to the pressure levels that were recorded.
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e Ascertain the additional resistance that would be required to bring the third
peak closer to 6000 psi AND would lead to some formation of mud column in
the casing during the time period 530 - 553 muins.
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